FACT (facilitates chromatin transcription) is a histone chaperone that promotes chromatin recovery during transcription, with additional roles in cell differentiation. Although several models of the action of FACT during transcription have been proposed, they remain to be experimentally evaluated. Here we show that human FACT (hFACT) facilitates transcription through chromatin and promotes nucleosome recovery in vitro. FACT action depends on the presence of histone H2A/H2B dimers in the nucleosome. Kinetic analysis suggests that hFACT decreases the lifetime of nonproductive RNA polymerase II (Pol II)-nucleosome complexes and facilitates the formation of productive complexes containing nucleosomal DNA partially uncoiled from the octamer. Taken together, our data suggest that hFACT interacts with DNA-binding surfaces of H2A/H2B dimers, facilitating uncoiling of DNA from the histone octamer. Thus, hFACT-H2A/ H2B interactions play a key role in overcoming the nucleosomal barrier by Pol II and promoting nucleosome survival during transcription.
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elongation | dynamics | DNA uncoiling | mechanism F ACT (facilitates chromatin transcription) is the transcription and replication factor (1, 2) involved in cell differentiation (3) , and is also an important target for anticancer drugs (4) . Human FACT (hFACT) is a heterodimer protein complex composed of two subunits [suppressor of Ty 16 homolog (Spt16) and structure specific recognition protein 1 (SSRP1)] that has histone chaperone activity (5, 6) . FACT stimulates transcript elongation through nucleosomes in vitro (2, 6) . In vivo, FACT colocalizes with RNA polymerase II (Pol II) and displays similar kinetics of recruitment and chromosome tracking (7, 8) . FACT is also essential for maintenance of chromatin structure during transcript elongation by Pol II (8) (9) (10) (11) .
Different models have been proposed to describe the mechanism of FACT's action. FACT can induce global accessibility of nucleosomal DNA without histone H2A/H2B displacement (12, 13) and thus can facilitate action of processive enzymes on DNA. On the other hand, it has been suggested that FACT destabilizes nucleosomes by facilitating dissociation of histone H2A/H2B dimer from nucleosomes, thereby facilitating transcription through chromatin (6) . The mechanism of FACT action during transcription remains to be experimentally evaluated.
In this study, we systematically examined the effect of FACT on transcription through a nucleosome by Pol II in vitro. Our results show that FACT alleviates nucleosomal pausing, and that the presence of H2A/H2B dimers is required for FACT action. Kinetic studies suggest that the alternating FACT-dimer interactions result in an increased rate of conversion from the nonproductive to productive Pol II-nucleosome complexes and thus facilitate transcription and nucleosome survival.
Results
H2A/H2B Dimers Mediate FACT-Dependent Transcription Through a Nucleosome. In our experiments, we used yeast Pol II and DNA fragments bearing single nucleosomes assembled on DNA sequences having high affinity for the histone octamer, which can precisely position nucleosomes (14, 15) . This experimental system faithfully recapitulates many key characteristics of the mechanism of transcription through chromatin in vivo (16) (17) (18) , as well as the effect of FACT during Pol II transcription through the nucleosomes (6, 14) .
To map the regions of nucleosomal pausing affected by hFACT, we reconstituted nucleosomes on 603 and 601R positioning sequences, allowing efficient transcription through the nucleosomes (14) . Pol II elongation complexes (ECs) were assembled using synthetic DNA and RNA oligonucleotides and ligated to DNA fragments containing nucleosomes (Fig. 1A) . The nascent RNA was pulse-labeled, and the EC-80 was stalled 80 bp upstream of the promoter-proximal nucleosomal boundary (the number indicates the distance of the active center of the enzyme from this boundary). Then transcription was continued at 150 mM KCl in the presence or absence of hFACT.
On both nucleosomal templates, major pauses were observed at positions +(11-15), + (26, 27) , + (35) (36) (37) , and +(45-48) bp from the promoter-proximal nucleosome boundary (regions I and II; Fig. 1B and Fig. S1 ). In the presence of hFACT, all four major pauses were partially relieved, with the lowest effect on the +(11-15) region. Pol II pausing within the +(50-145) region was increased in the presence of hFACT (region III; Fig. 1B and Fig. S1 ), although this effect is less pronounced in the case of 603 template and could be explained in part by more efficient Pol II progression past the early pauses in the presence of FACT. hFACT similarly affects nucleosomal pausing and the yield of the run-off transcripts on both templates (Fig. 1C) .
hFACT is a histone H2A/H2B chaperone (6) and strongly relieves the +(35-48) pausing that is caused in part by the presence of promoter-distal H2A/H2B histone dimer (D-dimer) (15) . Therefore, the effect of presence of the D-dimer on hFACT-dependent transcription by Pol II was studied. 603 nucleosomes missing the D-dimer [i.e., 603-D hexasome (15) ] were transcribed in the presence or absence of hFACT. In contrast with 603 nucleosomes, the +(11-27) pausing in the hexasomes was relieved more efficiently, whereas the +(35-48) pausing remained unaffected by hFACT (Fig. 1D, Fig. S1C , and Fig. S2 ). hFACT did not affect transcription through the H3/H4 tetramer (Fig. S3) , suggesting that the presence of at least one H2A/H2B dimer is required for hFACT action.
How can the presence of the D-dimer affect the +(35-48) pausing that occurs when the active center of the enzyme is more than 60 bp upstream of the dimer-bound DNA region? It was shown that the +(35-48) pausing is relieved due to uncoiling of the promoter-distal end of nucleosomal DNA from the D-dimer (15) . Alternatively, the +(35-48) pausing could be relieved by the removal of the D-dimer from DNA (15) . Therefore, to relieve the +(35-48) pausing, FACT could either facilitate removal of the D-dimer from the nucleosome or induce partial uncoiling of promoter-distal DNA end from the octamer. Given that removal of the dimer does not fully eliminate the +(35-48) pausing, and that the presence of the dimer is required for hFACT action (Fig. 1D) , the data indicate that hFACT facilitates uncoiling of the nucleosomal DNA from the octamer. We propose that hFACT, like the histone chaperone nucleosome assembly protein 1 (Nap1) (19) , facilitates DNA uncoiling by competing with DNA for the positively charged DNA-binding site on the D-dimer ( Fig. 1E and Discussion). As expected, after removal of promoter-proximal dimer (P-dimer) FACT efficiently relieved the remaining pausing in the +45 region (Fig. S4) .
How can the D-dimer negatively affect relief of the earlier +(11-27) pausing by FACT? This pausing is caused by strong DNA-histone interactions immediately downstream of the transcribing Pol II (20, 21) , most likely impeding polymerase-induced uncoiling of nucleosomal DNA from the promoter-proximal H2A/H2B dimer (22) . At the same time, the promoter-distal DNA end is not uncoiled before Pol II transcribes past the +35 region (15, 21) . Thus, we propose that hFACT affects + (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) pausing by competing with DNA for binding to the P-dimer, thereby facilitating DNA uncoiling. In this case, the observed inhibitory effect of the distal dimer on hFACT action is explained by competition between the P-and D-dimers for hFACT binding.
In agreement with this idea, an increase in hFACT concentration results in further relief of the +(11-27) pausing.
In summary, the data suggest that hFACT facilitates transcription through the regions I and II by alternatively interacting with H2A/H2B dimers and competing with DNA for binding to the dimers within the histone octamer (Fig. 1E ). This model of FACT action makes several predictions. First, because histone-DNA interactions are the primary FACT targets, FACT is expected to facilitate transcription through the nucleosome by a different RNA polymerase (RNAP) that uses a similar mechanism of transcription through chromatin, such as Escherichia coli RNAP (15, 23) . Second, regions of nucleosomal DNA that have high affinities to core histones and prevent uncoiling of nucleosomal DNA from the octamer (15) may interfere with FACT action. Third, FACT is expected to increase the rate of conversion from paused (nonproductive) to productive complexes (Fig. 1E) or to decrease the rate of the reverse reaction (i.e., formation of nonproductive complexes). Finally, because intranucleosomal binding of H2A/H2B dimers depends on the presence of nucleosomal DNA, FACT could prevent dissociation of H2A/H2B dimers from the nucleosome by substituting for the DNA that is uncoiled from the dimers during transcription.
To evaluate the model's first prediction, we transcribed the 603 nucleosomes by E. coli RNAP in the absence or presence of hFACT (Fig. S5 ). The data suggest that hFACT similarly affects the transcription by different polymerases sharing the Pol IIspecific mechanism of transcription through chromatin. This in turn suggests that histone-DNA interactions are the primary targets during hFACT action.
To evaluate whether the DNA regions that prevent uncoiling of promoter-distal nucleosomal DNA from the octamer may interfere with FACT action, we studied the effect of nucleosomal sequences with high affinity to core histones [polar barrier sequences (PBS) (24)] on hFACT action (Fig. S6 ). These data, together with our previous observations, suggests that PBS sequence limits DNA uncoiling from the octamer and has a dominant effect, preventing further hFACT-dependent DNA uncoiling and transcription.
Disruption of the Dimer-Tetramer Interface Is Not Required for FACT Action. Our working model (Fig. 1E) suggests that FACT targets the DNA-binding surface of the H2A/H2B dimer(s). An alternative model suggests that FACT can facilitate dissociation of the histone H2A/H2B dimer from nucleosomes and thus facilitate transcription through chromatin (6) . According to the former model, disruption or stabilization of the protein-protein interaction interface between each H2A/H2B dimer and the H3/ H4 tetramer (e.g., by mutations or protein-protein cross-linking) would not be expected to strongly affect FACT action, but an effect would be predicted by the dimer displacement model.
To explore this, we first studied the effect of different mutations in core histones designed to weaken dimer-tetramer interactions (H3-I51N, H3-I51A , and H4-Y98H; Fig. 2A ) on dimertetramer interactions, overall conformation of nucleosomes, the ability of mutant histones to form histone-histone complexes and nucleosomes, and FACT-dependent transcription. Nucleosomes were prepared from individually refolded H2A/H2B dimers (fluorescently labeled on H2B) and WT or mutant (H3-H4) 2 tetramers and were analyzed by native PAGE (Fig. 2B ). All combinations of WT and mutant histones (containing H3-I51N, H3-I51A, or H4-Y98H mutations) form stable nucleosomes on the 147-bp 601 DNA fragment. As expected from its role in stabilizing the interaction of the H3 αN helix with the H2A-docking domain, a mutation of isoleucine H3I51 to glutamate generates slower migrating nucleosomes, indicative of a more open nucleosomal structure. The replacement of tyrosine H4Y98 with histidine results in more reduced mobility, suggesting more severe structural distortions in the nucleosome. The nondisruptive replacement of H3I51 with alanine produces only subtle effects. All mutant nucleosomes remain intact during gel electrophoresis (Fig. 2B) . The data suggest that at least the H3-I51N and H4-Y98H mutations destabilize the dimer-tetramer interface and induce a change in nucleosome conformation, dictating their slower mobilities in the native gel.
Presence of each of the mutations results in partial relief of the +26 and +97 pauses at 150 mM KCl and in a stronger +45 pausing at 40 mM KCl (Fig. S7) . The overall effect of mutations on nucleosome traversal is moderately positive, with a minor increase in the yield of run-off transcripts at 150 mM KCl (Fig.  2C and Fig. S7 ). Only the H4-Y98H mutation considerably affected hFACT action, resulting in an ∼25% decrease in the magnitude of transcription stimulation by hFACT, most likely related to the significantly higher level of transcription in the absence of hFACT (Fig. 2C) . More efficient transcription in the absence of hFACT could occur owing to easier uncoiling of nucleosomal DNA from the mutant octamer. Although the H3-I51N and H3-I51A mutations clearly affect nucleosome conformation (Fig. 2B) and have a detectable effect on transcription through the nucleosome in the absence of hFACT (Fig. S7) , they do not have a strong affect on hFACT action (Fig. 2C) .
We next cross-linked core histones in the nucleosome by dimethyl suberimidate (DMS). DMS does not change the charge of histones and thus does not perturb the nucleosome structure. The histone octamer was cross-linked either after or before nucleosome assembly; similar data were obtained in both cases (Fig.  2 and Fig. S8 ). All histones in the octamer were cross-linked by DMS (Fig. S8B) ; cross-linking did not affect the mobility of the nucleosomes in a native gel (Fig. S8 A and C) . Transcription of intact and cross-linked 603 nucleosomes by Pol II in the absence of FACT produced similar pausing patterns, with exception of the +45 pause, which was reduced on cross-linked templates ( Fig. 2D and Fig. S8D ). FACT similarly affected pausing on intact and cross-linked nucleosomes (Fig. 2D and Fig. S8D ), increasing the yield of run-off transcripts by approximately threefold (Fig.  2E) . The data show that cross-linking affects FACT action only minimally, as predicted by the model (Fig. 1E) .
In summary, our data indicate that mutations destabilizing the dimer-tetramer interface and cross-linking of all histones in the transcribed nucleosomes minimally affect hFACT action during transcription, suggesting that hFACT does not target the dimertetramer interaction interface.
hFACT Facilitates Formation of Productive ECs. To evaluate the effect of hFACT on the rate of conversion from paused (nonproductive) complexes to productive complexes (e.g., Fig. 1E) , we analyzed the kinetics of transcription through the 603 nucleosome in the presence or absence of hFACT (Fig. 3) . Time courses of transcription through the nucleosome by Pol II were evaluated (Fig. 3A) . Pol II pausing was quantified, and the resulting data were plotted against time and fit to a sequential multistep model (Fig. 3B) (25) .
During transcription through chromatin by Pol II, multiple nonproductive complexes containing stalled and arrested ECs are formed (26, 27) . Therefore, for data analysis, we included reversible steps for the formation of both productive and nonproductive complexes at each step during elongation (Fig. 3B ). Comparative analysis of three different models describing the rates of transcription through the nucleosome (Fig. S9 and SI Discussion) suggests that only this model adequately describes the process of transcription through the nucleosome. The data show an excellent fit of the entire set to the sequential model (Fig. S10) . In all cases, FACT strongly (more than sevenfold) and positively affects only the rates of conversion from nonproductive to productive complexes (Fig. 3C) . Thus, FACT facilitates formation of productive ECs, and thereby transcription, through the nucleosome. Our previous analysis of the structures of the intermediates formed during transcription through the nucleosome by Pol II (15) allows approximate assignment of the kinetic steps to corresponding structural changes (Fig. 3C) .
hFACT Prevents Nucleosome Displacement During Transcription. The model predicts that FACT substitutes displaced DNA in the nucleosome and thus helps retain H2A/H2B dimers within the nucleosome during transcription (Fig. 1E) . Because the D-dimer is most likely constitutively lost during both FACT-dependent and FACT-independent transcription (6, 15, 28) , only proximal P-dimer could be stabilized by FACT. We have proposed that the loss of proximal dimer during transcription could cause displacement of the entire octamer from DNA ( Fig. 4A) (15) . Given that binding of dimers to the H3/H4 tetramer depends on the presence of nucleosomal DNA (29), FACT could increase the efficiency of nucleosome (hexasome) survival by increasing retention of the P-dimer.
For analysis of the fate of nucleosomes after transcription, 603 nucleosomes were DNA-labeled and transcribed in the absence or presence of hFACT, and the resulting products were analyzed by native PAGE (Fig. 4B) . Transcription in the presence of hFACT results in a strong decrease in the amount of released DNA and a corresponding increase in the amount of the hexasomes after transcription by Pol II (Fig. 4 B and C) . This observation is consistent with a role of hFACT as an assembly factor. Transcription of the same template by E. coli RNAP in the presence of hFACT produces a similar outcome (Fig. S11) .
In summary, our in vitro system recapitulates the positive effect of FACT on nucleosome survival observed in vivo (9) (10) (11) . Survival is likely mediated by the interactions of hFACT with the P-dimer, leading to better H2A/H2B dimer retention during transcription and more efficient formation of the intermediate containing a small intranucleosomal DNA loop (Ø-loop) required for nucleosome survival (Fig. 4A) .
Mechanism of FACT Action During Transcription Through the Nucleosome. Transcription through a nucleosome in the absence of FACT (Fig. 5A, pathways 1-4) involves sequential, partial, and reversible uncoiling of nucleosomal DNA from the octamer. Biochemical analysis of several key intermediates formed during transcription through the nucleosome in the presence of hFACT using DNase I footprinting (EC+39, EC+41, and EC+49) suggests that hFACT does not detectably affect their steady-state structures. Instead, hFACT likely forms transient complexes with H2A/H2B dimers and thus facilitates DNA uncoiling from the octamer (Fig. 5A, pathways 1′-4′ ). As Pol II enters the nucleosome and transcribes through the +(15-36) region, it initially uncoils promoter-proximal nucleosomal DNA (complexes 1′ and 2′). FACT interacts with the exposed DNA-binding surface of the P-dimer and thus prevents the loss of promoter-proximal Fig. 3 . FACT facilitates formation of productive intranucleosomal Pol II complexes. (A) 603 nucleosomes were transcribed by Pol II at 150 mM KCl in the absence or presence of FACT for indicated time intervals, followed by analysis of pulse-labeled RNA by denaturing PAGE. The intranucleosomal pauses (from A to K) were quantified using a Cyclone Phosphor Imager (PerkinElmer). (B) The quantified data were analyzed using an elongation model that produces a good fit of the experimental data to the calculated curves (Fig. S10) . (C) KinTek Kinetic Explorer software (25) was used to determine the rate constants of each step of transcription through the nucleosome. Averages from three experiments are shown. The rate constants positively affected by FACT by more than sevenfold are shown in green. Expected complexes formed at each region (15) are shown.
dimer (complex 3′′) that otherwise would result in nucleosome loss (complex 4′′). Instead, during transcription through the +(36-73) region DNA behind Pol II is recoiled on the surface of the octamer, the Ø-loop is formed, and the DNA in front of the complex becomes uncoiled from the octamer (complexes 3′ → 4′), allowing further transcription and nucleosome recovery. DNA recoiling displaces FACT from its binding site on the proximal dimer, and facilitates its interaction with the distal dimer, promoting uncoiling of the downstream DNA. Given that the distal dimer is eventually displaced from the nucleosome, FACT is likely to be displaced as well, leaving DNA-bound histone hexamer behind Pol II.
Discussion
Our data show that hFACT strongly facilitates transcription through chromatin, and that hFACT activity during transcription is mediated by H2A/H2B dimers (Fig. 1) . The activity of hFACT is not polymerase-specific (Fig. S5 ) and can be strongly affected by the sequence of nucleosomal DNA (Fig. S6) . Mutations in histones destabilizing the dimer-tetramer interface and crosslinking of all core histones in the octamer minimally affect hFACT action during transcription by Pol II (Fig. 2) . Analysis of the time courses of transcription suggests that hFACT decreases the lifetime of nonproductive Pol II-nucleosome complexes by facilitating their conversion into productive ECs (Fig. 3) . Finally, in agreement with in vivo studies (8) (9) (10) (11) , the presence of hFACT results in more efficient nucleosome survival (Fig. 4) .
Previously proposed models of FACT action during Pol II transcription suggest that during moderate-level transcription of genes by Pol II, a histone H2A/H2B dimer is displaced from its intranucleosomal location [displacement could be coupled with FACT binding to the nucleosome (30) ], and either remains tethered to the nucleosome via FACT (31, 32) or is displaced into solution (6) . Then FACT-bound dimer could be reloaded on chromatin in the wake of the progressing Pol II. Some studies have suggested that FACT interacts with the H3/H4 tetramer and thus could stabilize nucleosomal structure during transcription (33, 34) . Our data suggest that hFACT action does not require displacement of dimer or reloading of dimer onto the nucleosome after transcription. In fact, according to our model, FACT action is mediated by H2A/H2B dimers bound in their intranucleosomal locations (Fig. 5A) . In turn, hFACT likely facilitates retention of the P-dimer in the nucleosome during transcription. Our data are consistent with the results of recent studies showing that hFACT competes with DNA for a shared interaction interface on H2A/H2B dimer, with this high-affinity binding largely mediated by the acidic C-terminal domain of the Spt16 subunit (35) .
Our data, considered along with the previously reported results, suggest the following scenario during moderate-level transcription through chromatin by Pol II (Fig. 5B) . As the enzyme approaches a nucleosome, FACT may destabilize the nucleosome in front of the enzyme (complex 1). As Pol II enters the nucleosome and partially uncoils nucleosomal DNA, FACT sequentially binds to promoter-proximal (complex 2) and promoter-distal H2A/H2B dimers (complex 3). The FACT-dimer interactions facilitate nucleosome survival (likely mediated by the proximal dimer-FACT interactions) and transcription through chromatin. During further transcription through the nucleosome in vitro, the H2A/H2B dimer is eventually displaced from DNA (28) . In vivo, FACT could remain associated with the displaced dimer and may help deliver it to chromatin behind the transcribing Pol II (complex 4). The proposed mechanism is likely relevant for other processive enzymes working in chromatin. Indeed, as these DNA-targeted enzymes (e.g., DNA polymerases, ATPdependent chromatin remodelers) encounter nucleosomes and attempt to displace histones from DNA, their progression could be facilitated by the FACT-dimer interactions. Although our data do not provide direct support for the models involving an interaction of FACT with H3/H4 tetramer and reloading of FACT-bound H2A/H2B dimer on the nucleosome behind transcribing Pol II, our model of FACT action is not mutually exclusive with any of the previously proposed models (6, 12, 13) .
Recent studies have shown that inactivation of FACT leads to phosphorylation of p53 by casein kinase 2 and inhibition of NF-κB-dependent genes; the level of FACT expression is higher in nondifferentiated and cancer cells (3, 4) . It has been proposed that the requirement for FACT during transcript elongation dictates higher levels of FACT in cells in which gene expression occurs at a higher level, such as cancer or undifferentiated cells (36) . Our present results further suggest that FACT activity in undifferentiated and cancer cells is likely activated by the alternating interactions with the DNA-binding surface of the H2A/H2B dimers within the nucleosome.
Materials and Methods
Preparation of Proteins, DNA Templates, and Nucleosomes. Nucleosomes were assembled on DNA fragments carrying various high-affinity positioning sequence using salt gradient method as described in SI Materials and Methods. Yeast Pol II (28) , FACT complex (6), and histones (37) were purified as described previously.
Transcription and Kinetics Assay. Transcription by yeast Pol II and E. coli RNAP was conducted as described previously (15) .The kinetics of Pol II transcription through nucleosome was measured by performing transcription for indicated short time intervals at 22°C. The yields of RNA products at each time point were quantified and fit to the model (Fig. 5B) using the KinTek Explorer program (38, 39) . Details of these procedures are provided in SI Materials and Methods.
